Today, in the assessment of cavernous artery blood-flow, the most commonly used technique is Doppler ultrasound velocimetry (continuous, pulsed, color-coded or power), which is often considered as the gold standard. Plethysmographic techniques and radioactive tracers have been widely used for the assessment of global penis flow variations but are not adequate for continuous blood-flow measurement. A new pulse-volume plethysmographic (PVP) device using a water-filled penile cuff was employed to assess continuous blood-flow measurement in the penis. Simultaneously Doppler velocity was recorded and served as a gold standard. A penile watercuff is connected through a pressure tube to a three-way tap. The pulse-volume changes in the penile water-cuff are measured by means of a latex membrane placed over one of the three-way taps. The displacements of the latex are recorded by a photoplethysmograph. The third tap is connected to a 5 l perfusion bag placed 30 cm above the penis so as to maintain constant pressure in the whole device whatever the penis volume. Twenty-four volunteers were tested. The Doppler velocity signal and pulse volume of cavernous arteries were measured simultaneously after PGE1 intra-cavernous injection. Blood-flow variations were induced by increasing penis artery compression with a second penile water-cuff used as a tourniquet fitted onto the penis root, and the pressure of which could be modified by a water-filled syringe. The amplitude of the plethysmographic pulse-volume signal and the area under the Doppler velocity signal were correlated. The inter-patient (n ¼ 24) correlation ranged from 0.455 to 0.904, with a mean correlation of 0.704 and P < 0.0001. PVP measurement by a water-filled cuff was validated by ultrasound velocimetry. This new continuous, non-invasive and easy-to-use technique enables physiological and physiopathological flow-measurement during sleep, under visual sexual stimulation (VSS), or following artificial erection. Simultaneous recording of penile blood-flow by PVP and intra-cavernous pressure (ICP) measured by a non-invasive device will provide fundamental inflow and outflow information in both physiological and pathophysiological conditions, and further enable venous leakage to be assessed by a mathematical model.
Introduction
Hemodynamic assessment in vascular physiology needs pressure and blood-flow parameters. 1 -3 Quantitative study of physiological erection so as to understand tumescence and rigidity is possible if intra-cavernous pressure (ICP) variation, which is mainly the result of inflow=outflow balance, can be measured. 1 -5 ICP can be directly measured using a needle, but also non-invasively by means of a penile watercuff. 6 Arterial and venous flow has to be monitored in order to measure this balance.
Selective arteriography provides anatomic and dynamic information on inflow and outflow, but is unfortunately invasive and non-quantitative. 7 Radioactive tracers have been used for inflow and outflow assessment 8 -12 but cannot be readily deployed in routine practice because of restrictions on the use of radioactive material. Plethysmographic techniques, 13 air plethysmography, 14 photoplethysmography 15 -18 and pulse volume recording 19 -21 have also been used to study hemodynamics, but have not been precisely validated.
Ultrasound technology, in various forms (continuous, pulsed, echo-Doppler, color-coded and power), has been widely used to assess arterial flow, 22, 23 but these techniques measure artery by artery, whereas global measurement is needed.
Moreover these methods require having an ultrasound transducer to hand. Finally, with these techniques no continuous recording is possible, such as is necessary for investigation under sleep or visual sexual stimulation (VSS) or for erection process monitoring.
Cavernometry is generally used for outflow measurement and venous leakage estimation, but unfortunately is both very invasive and carried out in non-physiological conditions. 4 Our study sought to develop a hands-off device for continuous global inflow and outflow measurement, and to validate it against continuous Doppler recording on normal subjects. With these aims in view, the criteria for the device were as follows: strictly non-invasive, so as not to disturb physiological erection; for the same reason, not needing permanent clinician assistance; enabling continuous measurement so as to be able to monitor parameters during sleep, which, along with VSS, remains physiologically the best way to study physiological, pathological or artificial erection in terms of pressure and flow.
Materials and methods
Cavernous artery Doppler velocity is still the gold standard for assessing penile arterial flow. The aim of the present study was to validate pulse-volumeplethysmography (PVP) for this measurement.
Doppler velocity and PVP were simultaneously recorded ( Figure 1 ). Two water-filled penile cuffs were used, the first recording pulse-volume, and the second serving as a tourniquet on the penile root to enable arterial blood-flow to be varied. PVP was measured by the water-filled penile cuff, number 1 (Medasonic, 10 cm long by 2 cm wide), fitted around the penis in mid-shaft and fastened by velcro. This cuff measured penis pulse-volume variation during systolic flow. During tumescence, the penis was compressed by the water-filled cuff.
As pulse volume amplitude decreases when the pressure in the cuff increases, the latter had to be held constant.
So as to maintain constant pressure, the pulsevolume penile cuff number 1 was connected to a 5 l perfusion bag placed horizontally 30 cm above the penis, with a water surface of 600 cm 2 . When the volume of the penis increased, a little of the water (1 -2 cc) returned to the bag, but this minimal volume variation caused only a non-significant height variation of 0.003 mm and a non-significant pressure variation (P ¼ 0.0001).
The pulse-volume penile cuff number 1 was connected to a pressure tube, the distal extremity of which was connected to a three-way tap. On the outlet of the tap, a thin latex membrane was fitted, the movements of which were recorded by a photoplethysmograph (PPG) placed at 1 mm as to obtain the maximum signal amplitude.
As water is not compressible, penis volume variation induced latex displacement, which was detected by the PPG.
This set-up constitutes the water PVP. The second cuff, identical to the first, was used as a water-pressure tourniquet. Pressure variation in this cuff, obtained by a water-filled syringe, modified penis arterial flow and these flow modifications were recorded simultaneously by Doppler velocimetry and PVP.
Twenty-four patients, consulting for sexual dysfunction, without any organic pathology identified by vascular exploration (echo-Doppler) or neurological exploration (EMG, evoked potentials) were included in the study.
After an intracavernous injection of PGE1 (from 1 to 15 mg) to obtain a 2 h erection, the patient stayed supine in a room at 20 C. The two cuffs were fitted, cuff number 1 on the shaft, and the pressure cuff number 2 on the penis root.
The Doppler (SPEAD 5) and PVP signals were digitized with an 18 Hz frequency, recorded onto a PC, and stored on disk.
In steady-state erection, the Doppler flow selected was that of the better of the two arteries, and the two parameters (Doppler and PVP) were then recorded ( Figure 2 ). The water pressure in the PVP cuff number 1 was also monitored.
Penis blood flow variations were induced by injecting water into the proximal pressure cuff number 2, used as a tourniquet.
Method of flow parameter calculation
To correlate arterial flow parameters, two techniques were used: Doppler as gold standard, and PVP; the parameters were defined as follows ( Figure 3): for Doppler, the area under the curve gave arterial flow; for PVP, the maximum amplitude on the PPG curve was measured.
Both of these parameters were calculated simultaneously beat-by-beat, with computer analysis. After exclusion of artifacts, the maximum PVP amplitude was correlated to the square root of the area under the velocity curve so as to be homogenous in dimension.
Results
We correlated the Doppler measurement and the simultaneously recorded PVP signal in 24 men
Penile blood-flow measurement P Lavoisier et al presenting with erectile dysfunction without any apparent organic pathology. To do so, we studied the statistical relationship between these two methods, by calculating the area below the Doppler curve, related to flow, and the amplitude of the PVP curve, related to pulse volume. For each patient, n was the number of systolic beats studied by the two methods (Doppler and PVP).
For the whole population, the number of beats calculated varied from 47 to 422 (mean ¼ 251). The number of points taken to correlate PVP and Doppler varied with from patient to patient. The Pearson correlation coefficient studies the linear relationship between two variables, and represent the worst possible correlation, if the overall linear correlation coefficient is good. Therefore the nonlinear correlation coefficient between PVP and Doppler must be greater than or at least equal to it.
The P-value was set at P < 0.001 for these correlations.
The two recordings varied simultaneously and in the same direction, which suggests that they were both recording the same physiological event. Individual coefficients varied from 0.455 to 0.904 and the overall correlation coefficient was 0.704 (P < 0.0001).
These results suggest that there is a strong relationship between PVP and Doppler measurements.
The statistical processing used was Sygmastat (Jandel). The results are shown in Table 1 .
Discussion
Measuring PVP needs a constant pressure in the cuff, because the expansion of the arteries is modified if cuff pressure changes; it was therefore ensured that there was no detectable pressure variation in the constant-pressure cuff number 1 used for PVP during erection ( < 1 mmHg).
The penis inflow combines input from all penile arteries. For this reason, PVP variation, which measures global flow, is a better index than ICP variation.
The imperfect correlation between Doppler signal and pulse-volume recording can be explained by the fact that the Doppler signals were recorded from only one cavernous artery, whereas pulse-volume concerns all of the arteries, as previously described.
A limitation of plethysmographic techniques, and particularly of PVP, is the non-elasticity of the arterial wall. In case of arterial wall rigidity, which often occurs in patients suffering from diabetes or and calcified arteries, there will be a dissociation between Doppler velocity, which may remain normal, and an abnormal PVP due to lack of radial arterial expansion. (Having said this, the Doppler signal is also affected by the arterial calcification underlying the lack of elasticity.)
In some ways, the PVP method can also shed light on the dynamics of the cavernous arterial wall.
All these flow measurement give us a relative flow value. Absolute measurement is possible by means of echo-Doppler, but is difficult and approximate because of the imprecision of artery crosssection area measurement.
The most important point, however, is the dynamic aspect of flow variation during erection, which can be measured by either the Doppler or the PVP technique.
Finally another parameter which depends on arterial flow is ICP. ICP is easy to measure noninvasively and constitutes an excellent physiopathological approach to erection. 6 The ICP value provides important hemodynamic information on erection. Indeed, the two clinical categories of tumescence and rigidity differ basically in their respective ICP levels. ICP variations generally result Pearson correlation coefficient: this coefficient studies the linear relationship between two variables. This represents the worst possible correlation: if the overall linear correlation coefficient is good, then the non-linear correlation coefficient between PVP and Doppler must be greater than or at least equal to it. c P is the P-value, set at P < 0.001 for these correlations. The two recordings varied simultaneously and in the same direction, which suggests that they were both recording the same physiological event. Individual coefficients varied from 0.455 to 0.904 and the overall correlation coefficient was 0.704 (P < 0.0001). These results suggest that there is a strong relationship between PVP and Doppler measurements.
Penile blood-flow measurement P Lavoisier et al Figure 1 (1) Penile cuff number 1 is the proposed measurement system; fitted on to the penis shaft, it is connected by a pressure tube to a three-way tap, one outlet of which is connected to a 5 l perfusion bag held 30 cm above the penis so as to maintain constant pressure in the cuff whatever the penis volume. The third tap outlet is connected to a pressure gauge, which monitors the stability of the pressure, and to a latex membrane the pulse volume linked movements of which are recorded on a photoplethysmograph. Penile blood-flow measurement P Lavoisier et al from the increase in inflow and decrease in outflow, but an increasing inflow with a steady outflow may also produce an increase in ICP.
In contrast, an increase in inflow without increase in ICP means an increase in outflow, indicating a venous leak.
In case of venous leakage, the increase in global inflow does not induce an increase in ICP, resulting in a lack of correlation between global inflow (pulse volume) and ICP (which can be measured noninvasively with a water-cuff).
A mathematical model can thus quantify venous leak by calculation of the slopes of ICP and flow (PVP) vs time.
Conclusion
The results of our study, showing strong correlation between two methods (Doppler velocity and PVP) of assessing penis flow, indicate that PVP may be used continuously beat-by-beat to calculate a penis arterial flow index.
From the practical point of view, PVP does not need the constant attention of the physician, which is an advantage as compared to Doppler velocity measurement.
The continuous use of PVP allows:
nocturnal flow studies; VSS flow studies; artificial erection flow studies.
The simultaneous use of ICP cuff measurement will enable a new approach to venous leakage.
